Factors limiting the geographic distribution of plants are generally recognized as abiotic and biotic components such as water, temperature, light, nutrients, pathogens, and animals for pollination or seed dispersal (Schimper, 1903; Mauseth, 2003 ; Cox and Moore, 2005 ) . In mycoheterotrophic plants, however, the major limiting factor for geographic distribution may be the presence of their mycorrhizal partner. These plants fully depend on the mycorrhizal partner for their carbon supply throughout life ( Leake, 1994 ) , suggesting that the presence of the mycorrhizal partner determines their survival in nature. Such a limiting factor seems to be a disadvantageous barrier for spread over a wide region because these plants need the opportunity to associate with their fungal partners in the new settings. However, widespread mycoheterotrophic species do exist. For instance, Monotropa hypopithys (Ericaceae), one of the most widespread mycoheterotrophic plants, has radiated extensively throughout the northern hemisphere ( Wallace, 1975 ) , and the mycoheterotrophic orchid, Neottia nidus-avis (Orchidaceae), is widely distributed in north temperate forests of Eurasia (Komarov, 1968 ) .
Although the fungal partners of many mycoheterotrophic plants have been identifi ed recently ( Taylor and Bruns, 1997 ; Bidartondo et al., , 2003 Franke et al., 2006 ) , the mechanism that enables the wide distribution of mycoheterotrophic species is seldom discussed. Two hypotheses are suggested for the ability of some mycoheterotrophic plants spread widely. (1) Plants associate with specifi c fungal partners that are also widespread. (2) Plants can associate with a wide range of fungal species. Results demonstrating a pattern of mycorrhizal association in Monotropa hypopithys and Neottia nidus-avis support the fi rst hypothesis because both of their partners, namely Tricholoma and Sebacinales (Selosse et al., 2002; Weiss et al., 2004 ) , respectively, are common ectomycorrhizal fungi in the northern hemisphere. On the other hand, Erythrorchis ochobiensis (Orchidaceae) seems to support the last hypothesis because various fungi in Agaricales were isolated from their mycorrhizal roots ( Umata, 1998a ) and a wide range of wood-rotting fungi supported seed germination and subsequent seedling growth in vitro ( Umata, 1995 ( Umata, , 1997 ( Umata, , 1998a .
In the current study, we tested these hypotheses with a widespread mycoheterotrophic orchid, Eulophia zollingeri , distributed from India and Southeast Asia to New Guinea and Australia ( Comber, 1990 ; Dockrill, 1992 ; Thomas, 1998 ; Pearce and Cribb, 2002 ) . We examined the pattern of their mycorrhizal association with the use of DNA-based fungal identifi cation.
MATERIALS AND METHODS
Collection and anatomical observation -Roots of E. zollingeri were obtained from a total of 12 plants from seven populations between August 2005 and October 2006 ( Table 1 ) . Collected roots were sectioned with a razor after a thorough wash in water, and fungal colonization was confi rmed with a compound microscope. Mycorrhizal tissues were surface-sterilized with 0.25% NaClO for 2 min and kept at − 80 ° C or dried in silica gel.
Fungal identifi cation -DNA was extracted from the tissues using the DNeasy Plant Mini Kit (Qiagen, Valencia, California, USA) according to the manufacturer ' s instructions. ITS sequences of rDNA (encompassing the ITS1, 5.8S rDNA, and ITS2 regions) were amplifi ed using the following primer combinations: ITS1F/ITS4 and ITS1F/ITS4B ( Gardes and Bruns, 1993 ) . PCR was carried out in a reaction volume of 50 µ L using the LA PCR kit (Takara Bio, Shiga, Japan). Each reaction mixture contained 2.5 mM MgCl 2 , 400 µ M of each dNTP, 10 pmol of each primer, and 2.5 U of TaKaRa LATaq polymerase. Amplifi cation conditions were as follows: an initial denaturation at 94 ° C for 5 min; followed by 30 cycles of denaturing at 94 ° C for 30 s, annealing at 55 ° C for 30 s, and extension at 72 ° C for 30 s; with a fi nal extension at 72 ° C for 7 min.
PCR products were purifi ed with the QIAquick PCR purifi cation kit (Qiagen). Sequencing was performed on an Applied Biosystems (Foster City, California, USA) 3100 genetic analyzer using BigDye v3.1 terminator cycle [Vol. 95 or deletion site in a 668-bp region. Sequences from the Osumi population contained three ambiguous sites in the determined sequence. Materials from Yakusima A, Okinawa, Taiwan, and Myanmar did not have any infrapopulational and infraclonal sequence variations. All the fungal ITS sequences from E. zollingeri roots were closely related ( Fig. 2 ) , as shown in pairwise distances among them varying from 0 to 2.75%.
Fungal identifi cation -The BLAST search found that the fungal ITS sequences from E. zollingeri are most closely related to those of Psathyrella candolleana from GenBank ( Fig. 2 ).
sequencing ready reaction mix according to the manufacturer ' s instructions. PCR products from the Miyazaki and Yakushima B samples were cloned using the pGEM-T Vector System II (Promega, Madison, Wisconsin, USA) because of diffi culties in direct sequencing. GenBank accession numbers (http://www. ncbi.nlm.nih.gov) of the sequences of mycorrhizal fungus determined in this study are shown in Table 1 .
Sequences were analyzed with BLAST ( Altschul et al., 1997 ) against the NCBI sequence database (National Center for Biotechnology Information, GenBank) to fi nd the closest sequence matches in the GenBank database. Preliminary results showed that fungal sequences from E. zollingeri have a high homology with a basidiomycete species, Psathyrella candolleana (Coprinaceae), whose phylogenetic relationship has been clarifi ed by Hopple and Vilgalys (1999) , Moncalvo et al. (2000) , and Yamato et al. (2005) . From these results, a sequence of Agaricus bisporus (DQ404388) was selected as an outgroup. Sequences of related species of P. candolleana were found in GenBank and added to the molecular phylogenetic analysis. To ensure phylogenetic relationships with P. candolleana, we also added ITS sequences derived from herbarium specimens of P. candolleana (TNS-F-10466, TNS-F-12192). Fungal fruit bodies of P. candolleana were collected from Shizuoka Prefecture, Shimoda-shi, Japan in July 2003 (TNS-F-10466) and from Miyagi Prefecture, Sendaishi, Japan in July 2006 (TNS-F-12192) and recorded as dried herbarium specimens at the National Science Museum, Tokyo. DNA extraction and sequencing from the specimens were performed according to the methods described. GenBank accession numbers of these specimens are AB306312 (TNS-F-10466) and AB306311 (TNS-F-12192). DNA sequences were aligned using CLUSTAL X ( Thompson et al., 1997 ) , followed by manual adjustment. Phylogenetic analyses were conducted with PAUP* version 4.0b6 ( Swofford, 2001 ) . Distance trees were obtained using the neighbor-joining (NJ) method ( Saitou and Nei, 1987 ) with a Kimura two-parameter correction ( Kimura, 1980 ) . For assessing the relative robustness for branches, the bootstrap method ( Felsenstein, 1985 ) was used with 1000 replicates.
RESULTS
Fungal colonization -The root cortex of E. zollingeri was occupied by coiled fungal hyphae ( Fig. 1A ) . These hyphae were thin walled, 2.5 − 7.5 µ m wide, and partially digested. Clamp connections were occasionally observed on the hyphae ( Fig.  1B ) . Eulophia zollingeri has a tuberous rhizome from which roots develop. Fungal colonization was found in the roots but not in the rhizome.
Fungal ITS diversity -The fungal ITS regions of all samples were successfully amplifi ed by both primer sets (ITS1F/ITS4 and ITS1F/ITS4B). The same sequences were obtained from PCR products amplifi ed with these two primer sets. Most amplifi ed products were directly sequenced, but the samples from Miyazaki and Yakusima B were cloned because of sequencing diffi culties. Five ITS types were found from two samples from the Miyazaki populations, and 19 substitution sites and four insertion or deletion sites in a 619-bp region were recognized among them. Four samples from Yakusima B had four ITS types, which included three substitution sites and one insertion Notes: indiv.= individuals, Is. = Island, J = Japan, M = Myanmar, Mt. = Mount, Pen. = Peninsula, Pref. = Prefecture, T = Taiwan a All vouchers are deposited in the Herbarium, National Museum of Nature and Science (TNS). were included within the same clade. This clade was strongly supported (bootstrap value 100%) as a monophyletic group with other species of Coprinaceae such as Psathyrella gracilis , Coprinus bisporus , C. xanthothrix , and Coprinellus disseminatus. Sequences from symbionts of E. zollingeri and These symbiont sequences were also closely related to the ITS sequences from herbarium specimens of P. candolleana. Pairwise distances between the ITS sequences from E. zollingeri and those of P. candolleana from GenBank and herbarium specimens ranged from 0.17 to 2.42%, and all ITS sequences Fig. 2 . Phylogenetic placement of mycorrhizal fungi of Eulophia zollingeri using internal transcribed spacer rDNA sequences of Coprinaceae (Basidiomycota) available in GenBank. The sequences of isolated fungi from Epipogium roseum (open squares) were also added. The origin of sequences is shown to the right. The fungal sequences from E. zollingeri (fi lled circles) and fruit bodies of Psathyrella candolleana (fi lled triangles) are represented by symbols. Phylogenetic analysis was conducted using neighbor-joining with 1000 bootstrap replicates (values of more than 70% are above the branches). Agaricus bisporus was used as an outgroup. [Vol. 95 seedlings (GenBank DQ093650 and DQ093736; Menkis et al., 2006 ) and declining Fraxinus excelsior stems (Oleaceae; GenBank AY787681; Lygis et al., 2005 ) . Furthermore, E. zollingeri is not habitat specifi c; the Miyazaki population was found on the slopes of an evergreen broadleaf forest dominated by Castanopsis sieboldii (Fagaceae). The Okinawa population was found in a young Pinus luchuensis (Pinaceae) and Schima wallichii subsp. noronhae (Theaceae) forest. Eulophia zollingeri is frequently found in the introduced Calliandra calothyrsus (Leguminosae) forest in Java ( Comber, 1990 ) . These fi ndings suggest that the fungal partner can decompose a broad range of woody plant species because decomposed woody materials, such as fallen trees or the dead remains of pruned tree branches, were frequently found beside populations of E. zollingeri . Such a wide distribution and wide-ranging habitat for its fungal partners may allow E. zollingeri to be widespread even though it has high specifi city toward its partner.
Conclusion -Our results demonstrate for the fi rst time that E. zollingeri exclusively associates with the P. candolleana species group. Our data also show that the fungal partner of E. zollingeri is a widespread wood-rotting species that decomposes a broad range of woody plants. Our results fi t the hypothesis that widespread mycoheterotrophic plants associate with specifi c fungal partners that are also widespread. All our results suggest that mycoheterotrophic plants can achieve wide distributions, even though they have high mycorrhizal specifi city, if the fungal partner is widespread as well.
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P. candolleana were also closely related to those from some isolated fungi of a mycoheterotrophic orchid, Epipogium roseum (GenBank AB176572, AB176575, and AB176579; Yamato et al., 2005 ) . Pairwise distances between them were 2.60% at maximum and 0.52% at minimum.
DISCUSSION
Our results indicate that Eulophia zollingeri is associated exclusively with the Psathyrella candolleana species group. All fungal ITS sequences from E. zollingeri were nearly identical with P. candolleana sequences from GenBank accessions and the herbarium specimens ( Fig. 2 ) . Further, these sequences formed a monophyletic clade with other species of Coprinaceae, which were shown previously to be probable sister groups to P. candolleana by phylogenetic analysis of this family ( Hopple and Vilgalys, 1999 ) . Although the fungal specifi city of mycoheterotrophic plants is generally assumed to be higher than that of photosynthetic plants ( Taylor et al., 2002 ; Leake, 2004 ) , the specifi city of E. zollingeri is extremely high in spite of their wide distribution. Such high fungal specifi city of mycoheterotrophic plants is also known for the association of Allotropa virgata (Ericaceae) with the Tricholoma magnivelare (Trichoromataceae) group and Pleuricospora fi mbriolata (Ericaceae) with the Gautieria monticola (Gomphaceae) group . The fungus from E. zollingeri is closely related to that of Epipogium roseum ( Fig. 2 ) , but E. roseum associates with several lineages in the genera Psathyrella and Coprinus ( Yamato et al., 2005 ) .
Fungal colonization and ITS diversity -The presence of coiled fungal hyphae in the root cortex of E. zollingeri ( Fig.1A ) is a typical feature of orchid mycorrhizae ( Rasmussen, 1995 ) . Further, the presence of clamp connections in coiled hyphae identifi es the mycorrhizal fungus is a basidiomycete ( Fig. 1B ) . By using the infected tissues, we obtained one to fi ve ITS types from each population. The cloned sequences of E. zollingeri symbionts from Miyazaki and Yakushima B varied within the samples, and sequences from the Osumi population contained four ambiguous sites. These variations may refl ect the presence of hyphae of several fungal lineages within the sample, the paralogus copies of nuclear ribosomal DNA, or heterozygosities within the samples.
Regional and local distribution of fungal partner -Psathyrella candolleana occurs in Europe, Africa, and North America ( Smith, 1972 ; Pegler, 1977 Pegler, , 1986 Kits van Waveren, 1985 ) . The molecular data also suggest a wide distribution of this fungus. The fungal ITS sequences of E. zollingeri from Japan, Taiwan, and Myanmar show 97 -99% identity with P. candolleana sequences found in Lithuania (GenBank DQ093650 and DQ093736; Menkis et al., 2006 ) . The results indicate that the potential fungal partners of E. zollingeri are widespread through at least the Eurasian Continent.
Psathyrella candolleana is one of the most common basidiomycete species and is found in natural forests, parks, and gardens ( Smith, 1972 ; Pegler, 1977 Pegler, , 1986 Kits van Waveren, 1985 ) . This fungus decomposes the woody materials in a wide range of species, such as cottonwood and elm in North America ( Smith, 1972 ) and Fagus crenata (Fagaceae; Fukasawa et al., 2005 ) . The fungal ITS sequences from E. zollingeri have 97 -99% identity with the sequence from decayed roots of conifer
